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Critical timeA theoretical approach is developed which describes the growth kinetics of thin films of near noble metal
silicide (especially of cobalt silicide (Co2Si) and nickel silicide (Ni2Si)) and refractory metal silicide
(particularly of tungsten disilicide (WSi2) and vanadium disilicide (VSi2)) at the interfaces ofmetal–silicon
system. In this approach, metal species are presented as A-atoms, silicon as B-atoms, and silicide as
AB-compound. The AB-compound is formed as a result of chemical transformation between A- and
B-atoms at the reaction interfaces A/AB and AB/B. The growth of AB-compound at the interfaces occurs
in two stages. The first growth stage is reaction controlled stage which takes place at the interface with
excess A or B-atoms and the second stage is diffusion limited stage which occurs at both interfaces. The
critical thickness of AB-compound and the corresponding time is determined at the transition point
between the two growth stages. The result that follows from this approach shows that the growth kinet-
ics of any growing silicides depends on the number of kinds of dominant diffusing species in the silicide
layer and also on their number densities at the reaction interface. This result shows a linear-parabolic
growth kinetics for WSi2, VSi2, Co2Si, and Ni2Si and it is in good agreement with experiment.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The thin film of near noble and refractory metal silicides gained
wide attention in solid state reaction because of their applicability
as low resistance contacts, gate electrodes, and interconnect mate-
rials in integrated circuit technology [1–3].
A number of works in the literature report the formation and
growth kinetics of these silicides [4–7]. Silicide formation can be
explained from two approaches: diffusion approach (which is con-
sidered as the conventional approach) and physicochemical
approach (alternative approach to the former). From diffusion
approach silicides are formed as a result of intermixing of silicon
with metal species after the diffusion of either silicon atoms into
the metal layer or metal atoms into the silicon layer. This intermix-
ing is initiated by heat treatment process. Diffusion approach usu-
ally leads to loss of reaction controlled stage [8] due to lack of
consideration for chemical reaction between metal and silicon
species.
Unlike diffusion approach, physicochemical approach incorpo-
rates two processes: diffusion and chemical reaction. It describesmetal and silicon layers as two immiscible layers with interface
(s) separating them. Chemical reaction takes place between silicon
and metal atoms at the interface(s). The metal atoms or silicon
atoms or both are brought to the interface(s) by means of diffusion.
This approach creates room for the possibility of accounting for
chemical reaction contributions to the silicide growth during reac-
tion controlled stage.
It is shown that the growth kinetics of silicides of near noble
metals (for example, palladium, platinum, and cobalt) obey para-
bolic law [4–6] and the dominant atomic species in the first silicide
phase (such as Ni2Si, Pt2Si, and Co2Si) are unanimously identified
as metal [2,7]. Metal species are reported as dominant species
because the silicide is a metal rich silicide. However, there are dif-
ferent viewpoints on dominant species in the Pd2Si phase [9–13].
In refractory metal silicides (such as molybdenum disilicide
(MoSi2), titanium disilicide (TiSi2), tungsten disilicide (WSi2), and
vanadium disilicide (VSi2)) the dominant diffusing species is
reported as silicon [2–7]. This is due to the richness of this silicide
phase in silicon. There are different growth kinetics exhibited by
silicide in this phase [2,6–7]. For instance, in VSi2 and WSi2 growth
kinetics are described as linear and parabolic, in TiSi2 it’s
delineated as parabolic, and in MoSi2 and CrSi2 it is shown to be
linear.
44 S.O. Akintunde, P.A. Selyshchev / Results in Physics 6 (2016) 43–47In this paper, we present a model that describes the growth
kinetics of the AB-compound layer based on the first approxima-
tion of reaction rate as product of reactant number densities. This
approximation is in accord with mass action law. The speed of
growth is proportional to reaction rate during the reaction con-
trolled and diffusion limited stages. The AB-compound layer
growth kinetics that follow from this approach show that the
growth behavior of the growing layer can be explained from the
viewpoint of the number of kinds of atomic species actively diffus-
ing into the AB-layer during their formation process.
Model and result
Suppose that the A-layer occupies space x < 0 and the B-layer
occupies space x > 0 in A–B system.
At time t > 0 heat treatment process commences in A- and
B-layers. The interfaces A/AB and AB/B spatially separates A- and
B-layers. A-atoms diffuse from the A-layer via AB-layer into inter-
face AB/B and B-atoms diffuse from the B-layer via AB-layer into
interface A/AB. At interface AB/B, diffuse A-atoms chemically react
with surface B-atom to form AB-compound. Likewise, at interface
A/AB, diffuse B-atoms interact chemically with surface A-atoms to
form additional AB-compound. The AB-layer occupies space from
x = ha to x = hb. The thickness of the compound layer formed at
interface A/AB is denoted by ha(t) and at interface AB/B by hb(t).
The total thickness of the AB-compound layer formed between
A- and B-layers is designated by h(t); h(t) = ha(t) + hb(t) where ha,
hb, and h are function of time t.
The rate of chemical transformation at interfaces of solid layers
depends on number densities of A and B atoms. If there are excess
A- or B-atoms at the interface, the rate of reaction remains the
same with change of number density of A-or B-atoms [14]. On
the other hand if number densities of A- and B-atoms are approx-
imately equal (vana  vbnb0 or vbnb  vana0), then the rate of AB-
compound formation can be represented in the first approximation
as product of A- and B-atomic number densities. Where na0 and nb0
are number densities of A- and B-atoms in A- and B-layers respec-
tively, na and nb are number densities of A- and B-atoms inside the
AB-layer, va and vb are stoichiometric coefficients of A- and B-
atoms.
Thus the rate of chemical reaction between A- and B-atoms, at
reaction interfaces A/AB and AB/B can be approximately expressed
in two stages as follows:
Ra ¼ cðn
0
aÞ
2 ¼ const vbnbðhaðtÞÞP van0a
cn0anbðhaðtÞÞ vbnbðhaðtÞÞ 6 van0a
(
Rb ¼ cðn
0
bÞ
2 ¼ const vanaðhbðtÞÞP vbn0b
cn0bnaðhbðtÞÞ vanaðhbðtÞÞ 6 vbn0b
( ð1Þ
where nb(ha(t)) and na(hb(t)) are the number densities of B- and A-
atoms which diffuse into reaction interfaces A/AB and AB/B, c is the
reaction rate constant, Ra and Rb are the reaction rates at interfaces
A/AB and AB/B.
Due to this approximation, the growth of the AB layer can be
described in two stages. The first growth stage occurs when there
are excess of one kind of diffusing atoms, for example, excess A-
atoms at interface AB/B or excess B-atoms at interface A/AB and
the second growth stage takes place when there are no excesses
of any kind of atoms at the corresponding interfaces.
The growth rate of the AB-layer is determined by both diffusion
of A- and B-atoms inside the AB-layer and rate of reaction at
interfaces:
dh
dt
¼ dha
dt
þ dhb
dt
¼ Vab cn0anbðhaðtÞÞ þ c n0b
 2 
: ð2aÞEq. (2a) holds only if A-atoms are in excess at interface AB/B or
dh
dt
¼ dha
dt
þ dhb
dt
¼ Vab c n0a
 2 þ cn0bnaðhbðtÞÞ : ð2bÞ
Eq. (2b) holds only if B-atoms are in excess at interface A/AB,
where Vab is the volume of one molecule of AB-compound.
Suppose that all A-atoms at AB/B interface and all B-atoms at
A/AB interface reacted at once. Therefore the growth of the
AB-compound layer is determined by flux of A-atom toward the
B-layer and flux of B-atom toward the A-layer. Thus we consider
the diffusion of A- and B-atoms inside the AB-compound layer.
Diffusion of A- and B-atoms inside the AB-layer is described by
Fick’s second law under a stationary condition thus:
DaðbÞ
@2naðbÞðxÞ
@x2
¼ 0: ð3Þ
With corresponding boundary conditions:
JaðhbðtÞÞ ¼ DarnaðxÞ ¼ vacn0bnaðhbðtÞÞ; JbðhaðtÞÞ ¼ DbrnbðxÞ
¼ vbcn0anbðhaðtÞÞ;
naðhaðtÞÞ ¼ n0a ; nbðhbðtÞÞ ¼ n0b:
where Ja and Jb are fluxes of A- and B-atoms, Da and Db are diffusiv-
ities of A- and B-atoms.
Solving Eq. (3) with boundary conditions for the first stage of
layer growth (before critical time), we obtain an expression for
the distribution of A- and B-atoms inside the AB-compound layer
when A-atom is in excess at AB/B interface:
naðxÞ ¼  cðn
0
bÞ
2
Da
ðxþ haÞ þ n0a and
nbðx; tÞ ¼ cn
0
an
0
bvb
Db þ cn0avbhðtÞ
ðx hbÞ þ n0b ð4aÞ
And for excess B-atoms at A/AB interface, the distribution of A-
and B-atoms in the AB-layer is described by:
naðx; tÞ ¼ cn
0
an
0
bva
Da þ cn0bvahðtÞ
ðxþ haÞ þ n0a and
nbðxÞ ¼  cðn
0
aÞ
2
Db
ðx hbÞ þ n0b: ð4bÞ
Number densities of A-atoms at interface AB/B and B-atoms at inter-
face A/AB during the second growth stage are:
naðhbðtÞÞ ¼ Dan
0
a
Da þ cn0bvahðtÞ
and
nbðhaðtÞÞ ¼ Dbn
0
b
Db þ cn0avbhðtÞ
: ð5Þ
If there are excess A-atoms at reaction interface AB/B at time
t < tc, (tc, is the critical time), the AB-layer at this interface grows
under reaction controlled process and at A/AB interface the growth
is diffusion limited and vice versa for excess B-atoms at interface A/
AB; therefore, the relationship between time and layer thickness
can be found by solving either Eq. (2a) or (2b)
t ¼ hðtÞ
cVabðn0bÞ
2 
Dbv2a
c2v3bVabðn0bÞ
3 In
cn0an0bv2bhðtÞ
Db n0ava þ n0bvb
 þ 1
" #
ð6aÞ
or
t ¼ hðtÞ
cVabðn0aÞ2
 Dav
2
b
c2v3aVabðn0aÞ3
In
cn0an0bv2ahðtÞ
Daðn0ava þ n0bvbÞ
þ 1
 
: ð6bÞ
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However, if there are no excess A- or B-atoms at the reaction
interfaces no reaction controlled growth would occur at either
AB/B or A/AB-interface and growth at both interfaces would be pre-
dominantly diffusion limited at all time.
At critical time tc; hðtÞ ¼ hc : manaðhbðtcÞÞ ¼ mbn0b or
mbnbðhaðtcÞÞ ¼ man0a ð7Þ
where naðhbðtcÞÞ ¼ Dan
0
a
Daþcn0bvahc
and nbðhaðtcÞÞ ¼ Dbn
0
b
Dbþcn0avbhc
.
Critical thickness, hc is obtained as follows:
hc ¼
Da n0ava  n0bvb
 
cvavbðn0bÞ
2 : ð8aÞ
or
hc ¼
Db n0bvb  n0ava
 
cvavbðn0aÞ2
: ð8bÞ
Eq. (8a) holds at interface AB/B under reaction controlled pro-
cess or Eq. (8b) at A/AB under the same process. It is worth noting
that critical thickness cannot takes place at two interfaces at the
same time. It can only occur at the interface that has excess atomic
species.
For critical time, substitute t = tc, and h = hc in Eq. (6a) or (6b)
tc ¼ hc
cVabðn0bÞ
2 
Dbv2a
c2v3bVabðn0bÞ
3 In
cn0an0bv2bhc
Db n0ava þ n0bvb
 þ 1
" #
ð9aÞ
or
tc ¼ hc
cVabðn0aÞ2
 Dav
2
b
c2v3aVabðn0aÞ3
In
cn0an0bv2ahc
Da n0ava þ n0bvb
 þ 1
" #
: ð9bÞ
Eq. (9a) is the corresponding critical time of Eqs. (8a) and (9b) is
the corresponding critical time of Eq. (8b).
The growth rate of the AB-compound layer after critical time
(second stage of growth) is described by:
dhðtÞ
dt
¼ cVab n0anbðhaðtÞÞ þ n0bnaðhbðtÞÞ
 
: ð10Þ
Substitute Eq. (5) into Eq. (10) and integrate the resulting equa-
tion; a connection between time and layer thickness is established:
t ¼ tc þ /1ðh2ðtÞ  h2c Þ þ /2ðhðtÞ  hcÞ  /3 ln
/4hðtÞ þ /5
/4hc þ /5
 
; ð11Þ
where
/1 ¼ 2Vab Dbn0b þ Dan0a
 	 	1
;
/2 ¼ ðDan0aÞ
2 þ Dbn0b
 2h i cVabn0an0b Dbn0b þ Dan0a 	2h i1;
/3 ¼ DaDb Dan0a  Dbn0b
 	2 c2Vabn0an0b ½Dbn0b þ Dan0a 3h i1;
/4 ¼ c Dbn0b þ Dan0a
 	
; /5 ¼ DaDb:Table 1
Useful information on growth kinetics of silicides considered in this study.
AB-compound layer Diffusing species under
annealing condition in AB-layer
Formation temperature
(K) used in this work
WSi2 Si [2,7] 1033 [15]
VSi2 Si [2,7] 873 [16]
Co2Si Co [2,7] 763 [17]
Ni2Si Ni [2,7] 573 [18–19]The kinetics of the first stage of the growth of the AB-compound
layer expressed in Eqs. (6a) and (6b) shows time as both partly lin-
ear and partly natural logarithmic functions of layer thickness and
Eq. (11) depicts time as partly parabolic and partly natural loga-
rithmic functions of thickness. The natural logarithmic function
in Eqs. (6a), (6b) and (11) is attributed to the simultaneous diffu-
sion of A and B-atomic species in the AB-compound layer.
It is important to mention that the layer growth kinetic would
be linear under reaction controlled process and parabolic under
diffusion limited process, if only one kind of atomic species diffuses
into the AB-compound layer. If, for example, only A-atoms diffuse
into the AB-layer when there are excess of A-atom at AB/B interface
during the first stage of growth (reaction controlled growth).
Equation (6a) transforms to a linear equation when Db = 0
hðtÞ ¼ Vabcðn0bÞ
2
t ð12aÞ
And Eq. (11) reduces to parabolic equation
cvan0b h
2ðtÞ  h2c
 
þ 2DaðhðtÞ  hcÞ  2cVabDan0an0bðt  tcÞ ¼ 0:
ð12bÞ
Likewise if only B-atom diffuses into the AB-layer when there
are excess of B-atoms at A/AB interface during the same stage of
growth, Eq. (6b) also changes to linear equation when Da = 0
hðtÞ ¼ Vabcðn0aÞ
2
t ð13aÞ
And Eq. (11) reduces to parabolic equation
cvbn0a h
2ðtÞ  h2c
 
þ 2DbðhðtÞ  hcÞ  2cVabDbn0an0bðt  tcÞ ¼ 0:
ð13bÞ
However, if there are no excess A- or B-atoms at either AB/B or
A/AB interface, the first growth stage would be absent. In other
words there would be no reaction controlled process and linear
growth would not take place. Thus only parabolic growth (diffu-
sion limited growth) would be feasible. Eq. (14a) would hold if
there are only A-atoms diffusing into the AB-layer and Eq. (14b)
would also hold if there are only B-atoms diffusing into the AB-
layer under the second stage of growth.
cvan0bh
2ðtÞ þ 2DahðtÞ  2cVabDan0an0bt ¼ 0; ð14aÞcvbn0ah
2ðtÞ þ 2DbhðtÞ  2cVabDbn0an0bt ¼ 0: ð14bÞ
The growth kinetics of four silicides (WSi2, VSi2, Co2Si, and
Ni2Si) are studied based on the result of this model. The experi-
mental data are taken from the literature [15–18] to determine
the inter-diffusion coefficients of silicide layers under conventional
furnace annealing process. We assume that the diffusivity of dom-
inant species is the same as that of inter-diffusion coefficient of the
growing silicides (since only one kind of species diffuses into the
silicide layer). The diffusing species in each silicide layer are shown
in Table 1.
The results of inter-diffusion coefficients for four silicides are
depicted in Table 2 and they are obtained from Arrhenius equationGrowth kinetics (from this study) Growth kinetics (from experiment)
Linear and parabolic Linear and parabolic [2,7]
Linear and parabolic Linear and parabolic [7]
Linear and parabolic Parabolic [2,6–7]
Linear and parabolic Linear and parabolic[18]
Table 2
Data used for silicide layer thickness estimation.
AB-compoundlayer Inter-diffusion coefficient
of AB-layer (1017 m2/s)
Reaction rate
constant (1038 m4/s)
Volume of AB-compound
per molecule (1029 m3)
Number density of A- and B-atoms
in A- and B-layers (1028 atoms/m3)
WSi2 1.000 [15] 4.700 4.300 W (6.3), Si (5.0)
VSi2 0.029 [16] 0.910 4.000 V (5.2), Si (5.0)
Co2Si 3.000 [17] 1.200 5.000 Co (9.1), Si (5.0)
Ni2Si 1.100 (estimated) 0.620 3.300 Ni (9.14), Si (5.0)
Table 3
Critical thickness and time of AB-layer.
AB-layer hc (109 m) tc (s)
WSi2 0.990 0.124
VSi2 0.280 0.285
Co2Si 66.000 44.000
Ni2Si 47.000 92.000
Table 4
Activation energy and pre-exponential factor.
AB-layer Ea (eV) D0 (m2/s)
WSi2 3.4 [15] 0.40 (estimated)
VSi2 2.9 [16] 0.016 (estimated)
Co2Si – –
Ni2Si 1.5 [18,19] 0.000167 [18,19]
Fig. 1. The growth kinetics of tungsten disilicilde (WSi2) at 1033 K. The dotted
arrow shows the linear growth regime of WSi2 under a reaction controlled process.
The estimated time for the linear growth of WSi2 is 0.124 s. The inserted graph
shows the linear section of the curve.
Fig. 2. The growth kinetics of vanadium disilicilde (VSi2) at 873 K. The dotted arrow
shows the linear growth region of VSi2 over an estimated period of 0.285 s. The
inserted graph also shows the linear section of the curve which appears parallel to
the time axis due to short time involved during the growth process.
Fig. 3. The growth kinetics of cobalt silicilde (Co2Si) at 763 K. The thin arrow shows
the linear growth regime of Co2Si over a period of 44 s. The inserted graph as well
shows the linear section of the curve under a reaction controlled process.
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Table 4 at formation temperatures shown in Table 1
Dint ¼ NaðbÞDaðbÞ ¼ NaðbÞD0 exp EaKBT

 
; ð15Þ
where Dint is the inter-diffusion coefficient of the AB-layer, Na(b) is
the atomic fraction of A- or B-atoms (which is equal to unity in case
of one kind of diffusing species) in the AB-layer, D0 is the pre-
exponential factor, Ea is the activation energy, KB
(8.617  105 eV) is the Boltzmann constant, and T is the absolute
temperature.
The layer thickness of WSi2 and VSi2 is estimated with Eq. (13a)
(for reaction controlled growth) and Eq. (13b) (for diffusion limited
growth). The critical thickness between the two growth stages is
obtained with Eq. (8b) and the corresponding critical time, tc
(when Da = 0) is estimated with Eq. (9b). In a similar vein, the
thickness of Co2Si and Ni2Si is obtained from Eq. (12a) (for reaction
controlled growth) and Eq. (12b) (for diffusion limited growth).
The critical thickness and time are estimated with Eqs. (8a) and
(9a) respectively when Db = 0. The results of critical thickness
and time of the silicide layers are shown in Table 3. The results
show that critical thickness is strongly dependent on the diffusivity
of the active moving species in the silicide layer. The higher the dif-
fusing rate of the active species the thicker the thickness becomes
at the transition point.
The growth kinetics of four silicides considered in this study
reveals a linear-parabolic relationship between layer thickness
and time. The linear growth in both WSi2 and VSi2 layers is due
to the reaction rate dependence on tungsten atomic density at
W/WSi2 interface and vanadium number density at V/VSi2 inter-
face during reaction controlled stage, while parabolic growth on
the other hand is due to reaction rate dependence on both number
densities of tungsten and silicon atoms at both interfaces in tung-
sten–silicon system. The same explanation applies to vanadium–
silicon system. Linear growth in the Co2Si layer occurs as a result
of excess cobalt atoms at Co2Si/Si interface during reaction con-
trolled stage and parabolic growth arises in the Co2Si layer dueto the active diffusion of cobalt as the only moving atoms during
diffusion limited stage in the Co2Si layer. The same explanation
holds for linear-parabolic growth in the Ni2Si layer where nickel
is the only active diffusing species.
Due to the small magnitude of layer thickness formed over a
very short period of time during reaction controlled growth as
shown in Table 3, the linear section of this curve is correspondingly
Fig. 4. The growth kinetics of nickel silicide (Ni2Si) at 573 K. The dotted arrow
indicates the linear growth of Ni2Si over a period of 92 s under a reaction controlled
process. The inserted graph also shows the linear section of the curve.
S.O. Akintunde, P.A. Selyshchev / Results in Physics 6 (2016) 43–47 47small that the growth kinetics appear to be predominantly para-
bolic in Figs. 1–4. The silicide growth is considered over a period
of 3600 s in all the layers.
Conclusions
The theoretical approach presented here shows that the growth
kinetics of any growing silicides can be described in terms of
reaction rate between silicon and metal species at the reaction
interfaces. This study shows that chemical reaction rate can either
depend on silicon density or metal species density or both during
the reactive diffusion process. This dependence determines the
number of possible growth stages and also responsible for the cor-
relation that arises between time and layer thickness during the
growth stages. For example, reaction controlled growth occurs
when the reaction rate depends on either silicon or metal species
density and the relationship between time and layer thickness dur-
ing this stage can either be linear or more complex than linear
depending on the number of kinds of diffusing species in the sili-
cide layer, however, in diffusion limited growth stage chemical
reaction rate relies on both metal and silicon densities at the reac-
tion interface and the link between time and thickness can eitherbe parabolic or more complex than parabolic which also depends
on the number of kinds of active moving species in the silicide
growing layer.
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